responsible for nearly 100,000 invasive infections and 20,000 deaths in 2005 [3] . Updated Centers for Disease Control estimates document >80,000 cases of drug-resistant S. aureus invasive disease and >11,000 deaths in 2011, leading to the classification of this pathogen as a serious public health threat [4] .
The diverse clinical manifestations of S. aureus disease highlight the complex interaction of bacterial virulence factors with host tissues. Site-specific defenses against infection including tissue barrier function and innate immune cells represent one of the most formidable challenges to early pathogen survival and host invasion. S. aureus encodes an array of toxins that target these defenses, including pore-forming leukotoxins, hemolysins, and a family of small peptides termed the phenol-soluble modulins [5, 6] . A predominant action of these toxins is host immune cell lysis, injuring neutrophils, macrophages, and platelets in addition to T and B cells that contribute to adaptive immunity. S. aureus α-toxin (α-hemolysin, Hla) is a chromosomally encoded poreforming toxin secreted as a water-soluble monomer. Upon binding to the host cell membrane, Hla rapidly assembles into a homoheptamer and inserts a β-barrel across the lipid bilayer to create a 1-to 2-nm cytolytic pore in toxin-sensitive cells. Hla exhibits the broadest range of cell specificity among the staphylococcal toxins, contributing to lysis and host cell signaling in immune cells, platelets, and epithelial and endothelial cells [6] . A disintegrin and metalloprotease 10 (ADAM10) is encoded by the gene Adam10 , and functions as a cellular receptor for Hla [7] . The expression of ADAM10 on host alveolar epithelial cells, keratinocytes, and endothelial cells in vitro renders these cells susceptible to lytic injury [8] [9] [10] . Further, subcytolytic concentrations of Hla result in the rapid upregulation of ADAM10 catalytic activity, inducing both epithelial and endothelial barrier disruption through the pathologic cleavage of native ADAM10 substrates E-cadherin and VE-cadherin, respectively [8] [9] [10] . Conditional knockout of Adam10 in the alveolar epithelium and the epidermis confirms the role of the toxinreceptor interaction in disease, as these mice are protected against lethal lung infection and severe dermonecrotic skin injury [8, 9] . While epithelial Adam10 -knockout studies demonstrated a link between barrier tissue injury and disease outcome, S. aureus survival was not significantly modified in these mice. In contrast, active and passive immunization strategies targeting Hla also confer protection against severe skin and lung infection, but are associated with a reduction in bacterial recovery [11, 12] . Together, these findings suggest that Hla may have distinct cellular actions in the complex tissue microenvironment that collectively yield disease manifestations.
The principal host immune response to S. aureus skin and lung infection is an acute inflammatory cell infiltrate [13, 14] . An array of studies indicates that Hla can target both neutrophils and monocytes. While neutrophils are relatively resistant to toxin-induced cell death [15, 16] , monocytes sustain membrane injury and undergo cell death following exposure to Hla [16] [17] [18] ; these findings are consistent with relatively lower levels of ADAM10 expression on human neutrophils [18] . Human monocytes and macrophages secrete IL-1β in response to stimulation with low concentrations of the toxin [18] [19] [20] , and primary mouse neutrophils exhibit a dampened IL-1β response to live S. aureus in the presence of anti-toxin antisera [21] . Several studies have shed light on IL-1β secretion in response to S. aureus Hla, demonstrating that the toxin can contribute to two distinct cellular signals -first, the generation of pro-IL-1β is enhanced in macrophages by stimulation of NOD2, an intracellular pattern recognition receptor that senses staphylococcal peptidoglycan in the presence of Hla, dependent on the ability of the toxin to facilitate cytosolic exposure to peptidoglycan [22] . Second, processing of pro-IL-1β to its mature, secreted form then occurs through Hla-stimulated assembly of the NLRP3 inflammasome, resulting in caspase-1 activation and cleavage of pro-IL-1β [20, 23] . As such, exposure of innate immune cells to the toxin in the context of live or heat-killed S. aureus (HKSA) elicits more robust IL-1β production than toxin alone [21, 23] and facilitates the increased generation of IL-6, an inflammatory cytokine that can enhance neutrophil killing of staphylococci [22] . Hla-deficient S. aureus strains exhibit defects in macrophage IL-1β production [20] ; similarly, Nlrp3 -/-macrophages display impaired IL-1β production in response to S. aureus supernatants and these mice lack IL-1β in tissue homogenates in response to staphylococcal skin and lung infection [20, 24] . S. aureus lung infection of Nlrp3 -/-mice is associated with improved outcome relative to wild-type control mice, further suggesting that inflammasome activation by Hla patterns the host response to infection [24] .
Efforts to understand the Hla-innate immune cell interaction in vivo have relied on S. aureus mutants lacking Hla expression, toxin-neutralizing immunization strategies, or deletion of host signaling proteins that are responsive to multiple bacterial factors such as other poreforming S. aureus toxins [11, 12, 20, [23] [24] [25] [26] [27] [28] . As such, these approaches confound the direct analysis of the tissue-specific effects of Hla in patterning host innate im-mune responses. To circumvent these limitations, this study examines S. aureus infection in mice harboring a selective knockout of Adam10 in myeloid lineage cells, leading to the observation that toxin-induced injury to innate immune cells contributes to tissue-specific patterning of host outcome of infection.
Materials and Methods
Bacterial Strains and Growth Conditions S. aureus LAC/USA300 and the isogenic hla::erm mutant that does not express Hla [11] were grown at 37 ° C with shaking in tryptic soy broth or on tryptic soy agar plates without antibiotics as previously described [29] . For mouse infections, staphylococcal cultures were prepared as described previously for skin and lung infection [8, 9] . Briefly, 50 ml of S. aureus culture grown to mid-log phase (OD 660 0.5) were sedimented, washed with phosphate-buffered saline (PBS), and resuspended in 1,000-1,500 μl PBS for intranasal infection [2-3 × 10 8 colony forming units (CFU)/30 μl inoculum] or 17-50 ml PBS for intradermal infection (1-3 × 10 7 CFU/50 μl inoculum).
Cell Culture, Antibodies, and Reagents All cultured cells were grown at 37 ° C in a 5% CO 2 incubator. To obtain primary murine bone marrow-derived macrophages, bones of the hind legs were dissected from adult mice, cleaned, sterilized by submersion in ethanol, and flushed with cold PBS. The resulting marrow suspension was passed once through a 40-μm mesh filter, centrifuged, and plated into tissue culture dishes for passaging over 7 days in DMEM/F12 medium supplemented with 10% fetal bovine serum (FBS), L -glutamine, and 20-25% conditioned L-929 media to promote differentiation and maturation of macrophages. To obtain L-929 conditioned media containing murine M-CSF, L-929 murine fibroblasts were grown past confluence in DMEM/F12 medium supplemented with FBS and L -glutamine. Media from these cultures were harvested, filter sterilized, and stored at -80 ° C until use.
Primary mouse neutrophils were isolated from bone marrow suspensions by positive selection with Ly-6G microbeads (Miltenyi) according to the manufacturer's instructions. For experimental verification of Adam10 knockout, primary neutrophils were further purified by FACS sorting on the basis of Gr-1 positivity.
Conjugated antibodies for flow cytometry were purchased from Biolegend and included APC-Cy7-CD45, APC-Gr-1, APCCD11b, PE-F4/80, and corresponding fluorophore-conjugated rat IgG isotype controls. Purified anti-mouse CD16/32 (Biolegend) was used for Fc receptor blocking. For flow-cytometric evaluation of ADAM10 protein, cells were stained with anti-ADAM10 primary antibody (R&D Systems) followed by Alexa488 donkey antirat secondary antibody (Invitrogen). Flow cytometry was performed on BD FACSCanto, LSR II, and FACSAria II instruments. Rat primary antibodies for Ly-6G (eBioscience), MoMa-2 (AbD Serotec) or rat IgG 2B isotype control (Biolegend) followed by Alexa488 donkey anti-rat secondary antibody (Invitrogen) were used for immunofluorescence staining of frozen sections.
Myeloperoxidase activity was quantified using a colorimetric assay and purified human myeloperoxidase standards (Sigma-Aldrich) as described [21] . In vitro cytotoxicity was assessed using an LDH release assay (Roche) as previously described [7] . Where indicated, total protein concentrations in samples were measured by DC protein assay (Bio-Rad). Murine IL-1β levels were measured by ELISA (R&D Systems) according to the manufacturer's instructions. Ex vivo neutrophil chemotaxis assays were performed with a modified Boyden Transwell assay [30] . In brief, the bottom chambers of a 96-well Transwell plate (Corning, 0.3-mm pore size) were prepped by adding 150 μl of media alone, HBSS containing 0.5% FBS, or with the addition of 1 × 10 6 CFU S. aureus USA300/ LAC. Just prior to assay, primary neutrophils purified from bone marrow of control or Adam10 -/-mice were pre-incubated for 30 min in RPMI containing 1% FBS at 37 ° C in a 5% CO 2 incubator. Cells were pelleted and resuspended to ∼ 1.5 × 10 6 cells/ml in HBSS plus 0.5% FBS; 100 μl of the cell suspension were added to the top chamber of each Transwell and incubated at 37 ° C in a 5% CO 2 incubator for 50 min after which time EDTA (0.5 M , pH 7.4) was added to the bottom chambers and incubated at 4 ° C for 10 min. Migrated cells were counted using a hemocytometer. ). To verify Cre-mediated excision of the loxP -flanked Adam10 locus, bone marrow-derived macrophages and primary neutrophils were isolated as described above, and a region of the mouse Adam10 gene spanning part of the excised genomic fragment was amplified by PCR with the following primer pair: 5 ′ ACCTCTTAGCGATACCACAAGCC and 5 ′ CCATGGAAGTGTCCCTCTTCATTCGTAGG. A second pair amplifying an intact portion of the Adam10 genomic sequence (exon 11) was used as a control: 5 ′ GGCCAGCCTATCTGTG-GAAAC and 5 ′ GTTGGCATCGAAGCAGCAATC.
Animal Strains and Breeding
Mice harboring a conditional knockout of Adam10 in the alveolar epithelium [8] or epidermal keratinocytes [9] have been described previously. LysM cre mice were crossed with these lines to generate double-knockout animals deficient in ADAM10 in either the pulmonary epithelium and myeloid lineage cells (LysM/SpcTet Adam10 -/-) , or the epidermis and myeloid lineage cells (LysM/K14 Adam10 -/-) .
Animal Infections and Procedures
Prior to infections and procedures, animals were anesthetized by intraperitoneal injection of a mixture of ketamine (100 mg/kg) and xylazine (5 mg/kg) in accordance with protocols approved by the Institutional Animal Care and Use Committee at the University of Chicago.
Skin Infection. The right flanks of 5-to 7-week-old male mice were trimmed with an electric razor and treated with hair removal cream prior to infection. For LysM/K14 Adam10 -/-double-knockout studies, the exposed flank was treated topically for 5 days prior to infection with 1 mg/day 4-hydroxytamoxifen (Sigma) or 99.5% ethanol as a vehicle control as previously described [9] . Mice were anesthetized, infected via subcutaneous injection with 50 μl of S. aureus using a 28-gauge insulin syringe , and monitored for 14 days after infection with daily recordings of lesion sizes (abscess and dermonecrosis). Lesion area was calculated using the equation 622 (A = [π/2] × l × w) as described [27] . In a small percentage of mice, the inoculum disrupted the tissue planes in the subcutaneous space, causing diffuse spread immediately upon injection and resulting in the formation of excessively large lesions within 1 day after infection. These animals were not included in subsequent analyses.
Lung Infection. Six to 8-week-old female mice (weight 15-19 g) were weighed, anesthetized, and infected via the intranasal route with 30 μl S. aureus as described previously [14] . Animals were monitored for morbidity and mortality at regular intervals for ≥ 96 h after infection. A small percentage of mice routinely succumbed within the first 2 h following infection, likely from the combined effects of aspiration and anesthesia. These animals were not included in subsequent analyses.
Harvesting and Analysis of Infected Animal Tissues. Animals were sacrificed and tissues harvested using sterile surgical tools. Skin lesions were harvested using disposable 8-mm punch biopsies as described [21] . Lesional Hla protein content was determined by sandwich ELISA. For flow-cytometric analysis of inflammatory infiltrates to the lung, the pulmonary circulation was first perfused by injection of 3 ml PBS into the right atrium prior to harvesting lung tissue. Lung and skin samples were homogenized using a rotor stator homogenizer (PRO Scientific). For bronchoalveolar lavage (BAL), the trachea was exposed surgically and a 20-gauge catheter (Exelint Medical Products) was inserted; 1 ml sterile PBS was infused into the lungs and withdrawn 10 s later. For evaluation of bacterial burden, homogenized tissues were serially diluted in sterile PBS and plated onto tryptic soy agar. Whole blood obtained from 7-week-old female mice by retroorbital bleed was anticoagulated with EDTA, and complete blood counts were performed by Comparative Clinical Pathology Services, LLC (Columbia, Mo., USA). Spleens and metatarsi from adult mice were harvested and fixed in 10% formalin for histologic evaluation of hematopoietic phenotypes. Paraffin embedding, mounting, sectioning, and hematoxylin-eosin staining were performed by the Human Tissue Resource Center at the University of Chicago or Nationwide Histology (Veradale, Wash., USA).
Immunofluorescence Staining and Microscopy
Tissue specimens were harvested into cassettes with OCT Compound (Tissue-Tek) and immediately snap-frozen in a dry ice/ethanol bath. Samples were stored at or below -20 ° C until sectioning. Sections (15 μm) were cut using a Microm HM550 cryostat (Thermo Scientific) and mounted onto glass slides. Slides were stored at -20 ° C until staining. Frozen tissue sections were blocked in PBS containing 1% BSA, 1: 20 human IgG (Sigma), and 1: 20 normal donkey serum (Jackson Immuno Research). After staining with primary and secondary antibodies, slides were mounted with glass coverslips using ProLong Gold Antifade Reagent with DAPI (Invitrogen). Images were obtained on an Olympus IX81 TIRF inverted microscope with a Hamamatsu Orca Flash 4.0 camera and processed using NIH ImageJ software.
In vitro Analysis of Cytokine Production
Primary mouse neutrophils and bone marrow-derived macrophages were obtained as described above. Cells were distributed to 96-well plates (10 5 cells/200 μl) in RPMI supplemented with 10% FBS and incubated for 6 h with 25 μg/ml of LPS-free recombinant Hla [33] , 2 × 10 7 HKSA USA300/LAC, or both. IL-1β levels in the culture supernatants were measured by ELISA (R&D Systems).
Statistical Analysis and Calculations
Statistical analyses were performed using GraphPad Prism software. Pairwise comparisons were performed using Student's unpaired t test or the Gehan-Breslow-Wilcoxon test (for comparison of survival following Kaplan-Meier estimation). Chemotactic migration, skin lesion abscess size, and dermonecrosis area comparisons were performed using two-way ANOVA followed by Bonferroni post hoc testing. Repeated measures were indicated when appropriate. Values of p < 0.05 were considered significant. Error bars represent ± SEM.
Results

Myeloid Lineage Adam10 Knockout Exacerbates S. aureus Skin Infection
To examine the contribution of the Hla-ADAM10 complex on innate immune cells during disease pathogenesis, we generated myeloid lineage-specific Adam10 knockout mice. Mice harboring floxed alleles of Adam10 exon 3 (Adam10 loxP/loxP ) were crossed to mice expressing the Cre recombinase under control of the lysozyme M (LysM) promoter, primarily expressed in neutrophils and macrophages (online suppl. fig. 1a ; for all online suppl. material, see www.karger.com/doi/10.1159/000360006). Excision of the floxed genomic region (online suppl. fig. 1b ) and loss of ADAM10 expression was documented in primary neutrophils (online suppl. fig. 1c ) and macrophages (online suppl. fig. 1d ) harvested from Adam10 -/-mice compared to control wild-type mice. Previously, Adam10 conditional knockouts in T and B cell lineages have been demonstrated to impair T cell thymic maturation [32] , germinal center formation, and humoral immune function following antigen challenge, respectively [34] . Additionally, Adam10 knockout driven by an Mx-1 promoter-driven Cre recombinase abrogates expression in a wide array of hematopoietic lineages, and is associated with the development of a myeloproliferative disorder, characterized by splenomegaly, hypercellular bone marrow, and abnormal peripheral blood counts [35] . In contrast to these phenotypes, LysMdriven recombination in our mice did not result in hematopoietic abnormalities, as control and Adam10 -/-mice exhibited identical peripheral leukocyte differentials (online suppl. fig. 2a ), normal red blood cell (online suppl. fig. 2b ) and platelet (online suppl. fig. 2c ) indices, and splenic size (online suppl. fig. 2d ). In addition, normal cellularity and architecture of the spleen and bone marrow cavity was observed in Adam10 -/-mice (online suppl. fig. 2e ). These results are consistent with the observation that the myeloproliferative disorder seen in Mx-1 cre Adam10 loxP/loxP mice is largely due to non-cell-autonomous effects [35, 36] . 623 The innate immune response to S. aureus infection is required for clearance of both cutaneous and invasive infection in humans, as individuals with chronic granulomatous disease in which phagocyte oxidative burst is impaired frequently suffer staphylococcal skin and lung infection [37] . Subcutaneous infection of control and Adam10 -/-mice with S. aureus USA300, an epidemic MRSA clinical isolate, revealed an increased abscess area in knockout mice ( fig. 1 a) . Consistent with this finding, Adam10 -/-mice suffered from larger dermonecrotic skin fig. 1 b) , a pathophysiologic process previously demonstrated to depend on Hla-mediated injury to the epithelium [9, 27] . Confirming that this phenotype is dependent on the Hla-ADAM10 toxin-receptor interaction, infection with the isogenic Hla-deficient S. aureus strain hla::erm yielded identical non-necrotizing lesions in control and Adam10 -/-mice (online suppl. fig. 3 ). CFU recovery from harvested skin lesions was unaltered in Adam10 -/-mice relative to controls when examined 72 h after infection ( fig. 1 c) . By 7 days after infection, however, the staphylococcal burden was found to be higher in Adam10 -/-mice than in controls ( fig. 1 d, online suppl. fig. 4a ), suggesting a moderate defect in innate host immune control of infection. An examination of Hla content in skin lesion biopsies harvested 24 h after infection revealed a nonsignificant trend toward increased Hla content in the tissue of Adam10 -/-mice ( fig. 1 e, online suppl. fig. 4b ), likely an early reflection of the subtle advantage of the pathogen in the Adam10 -/-host. While gross pathologic specimens imaged 4 days after infection demonstrate the exacerbated lesions of Adam10 -/-mice ( fig. 1 f) , histopathologic analysis of infected tissues revealed abscess lesions that were similar in overall appearance and cellularity between both control and Adam10 -/-mice at 4 days ( fig. 1 g) . Dermonecrotic lesions overlying the abscess site were visibly larger in Adam10 -/-mice, indicative of increased epidermal injury ( fig. 1 g, arrows) .
Myeloid Lineage Adam10 Knockout Mitigates S. aureus Pneumonia
While the results described above are consistent with a model in which toxin action on myeloid innate immune cells augments host defense against S. aureus skin infection, Adam10 -/-mice subjected to intranasal infection with S. aureus USA300 were highly protected against lethal staphylococcal pneumonia relative to control mice ( fig. 2 a) . A hallmark of acute lung injury is leakage of proteinaceous fluid into the alveolar space, a consequence of both epithelial injury and inflammation-induced pulmonary vascular permeability [38] . Both control and Adam10 -/-mice displayed similar levels of proteinaceous edema in response to infection, quantified in BAL fluid ( fig. 2 b) . Similar to the skin, bacterial recovery from the lungs early in the course of infection was not affected by Adam10 deletion ( fig. 2 c) and the histopathologic appearance of infected lung tissue in both groups of mice demonstrated significant injury with large areas of consolidation and loss of airspace ( fig. 2 d) . These findings are distinct from those observed following deletion of Adam10 in the alveolar epithelium, wherein the improved clinical course of disease was paralleled by a reduction in the recruitment of inflammatory cells to the lung parenchyma, and an overall improvement in pathologic findings of disease despite the lack of significant changes in S. aureus recovery from the tissues [8] . The tissue-specific impact of myeloid lineage Adam10 deletion on disease outcome, together with the histopathologic findings in both skin and lung infection that do not differ in cellularity between control and Adam10 -/-mice, suggest that Hla action on innate immune cells must alter clinical disease outcome in a manner that cannot be inferred solely from pathologic observations of immune cell recruitment to the infected tissue.
Modulation of Cellular Immune Responses in Myeloid Lineage Adam10 Knockout
The production of inflammatory cytokines and chemokines by innate immune cells is one of the earliest measurable host responses to S. aureus . The IL-1β response to S. aureus skin infection inversely correlates with disease severity. Mice lacking IL-1β, IL-1R1 (the functional IL-1β receptor), or the MyD88 signaling adaptor critical for transduction of IL-1 responses display increased susceptibility to S. aureus skin infection, marked by profound defects in neutrophil recruitment to the site of infection [21, 39, 40] . In the context of lung infection, both keratinocyte-derived chemokine and macrophage inflammatory protein-2 were increased by 5 h in mice infected with wild-type S. aureus in contrast to Hla-staphylococci [25] . Passive immunization with neutralizing antisera targeting Hla protects against lethal S. aureus pneumonia, associated with a reduction in the generation of IL-1β [11] . Given these findings, we examined the host IL-1β response to S. aureus infection. Loss of myeloid lineage ADAM10 expression was associated with a decreased tissue IL-1β response in both the skin ( fig. 3 a) and the lung ( fig. 3 b) following S. aureus infection. As neutrophils are both recruited to the infected tissue through the action of IL-1β and are an important source of IL-1β during skin infection [21] , we examined innate immune cell infiltrates in infected skin and lung tissues. While the defect in tissue IL-1β accumulation was measurable by 8 h after infection, neutrophil and macrophage recruitment to the site of skin infection was similar in control and Adam10 -/-mice, as demonstrated by immunofluorescence microscopy ( fig. 3 c) . Innate immune cell recruitment was comparable at two distinct sites examined in the infected tissue, within and immediately adjacent to the abscess lesion (orange boxed area) and in the overly-ing epidermis (teal boxed area). Similarly, the percentage of neutrophils and macrophages enumerated in lung tissue from control and Adam10 -/-mice was identical ( fig. 3 d) . Consistent with these findings, neutrophils from Adam10 -/-mice also exhibited normal ex vivo chemotaxis in a Transwell-based assay quantifying movement towards live S. aureus ( fig. 3 e) .
IL-1β secretion depends on the generation of increased pro-IL-1β transcript and production of pro-IL-1β, which can be stimulated by pathogen-associated molecules such as staphylococcal lipopeptides or peptidoglycan that induce TLR2 and NOD2-dependent signaling, respectively [20, 22] . Cleavage of pro-IL-1β by caspase-1 in the presence of α-toxin yields the mature, secreted form of the cytokine [20, 23] . To examine the role of the Hla-ADAM10 complex in stimulation of IL-1β production, we purified primary neutrophils and bone marrow-derived monocytes from control and Adam10 -/-mice and quantified IL-1β secretion by ELISA in response to treatment with either the toxin alone or the toxin in combination with HKSA. Adam10 -/-cells were impaired in the ability to secrete IL-1β in response to both stimuli ( fig. 3 f, g ). The magnitude of this defect was more prominent in primary neutrophils than macrophages, consistent with the finding that control macrophages displayed a greater response to toxin alone and that IL-1β secretion in both control and Adam10 -/-macrophages was not strongly increased by the addition of HKSA ( fig. 3 g) . Importantly, Flow cytometric analysis of neutrophil and macrophage populations in lung homogenates prepared 8 h following intranasal infection with S. aureus . Cell populations were examined in 9 independent mice from 3 experiments as a function of all CD45+ cells, where the data are a representative experiment. e Ex vivo chemotaxis assay performed on primary neutrophils harvested from control and Adam10 -/-mice where chemotaxis in response to media alone or 1 × 10 6 CFU S. aureus was scored by counting neutrophils that migrated across a Transwell filter toward the chemotactic stimulus. Migration was recorded as a percentage of total neutrophil input into the assay. ** p < 0.01, two-way ANOVA. NS = Not significant. f , g IL-1β production in response to 6-hour culture of primary neutrophils ( f ) or macrophages ( g ) from control or Adam10 -/-mice with purified, endotoxin-free Hla (25 μg/ml), HKSA (equivalent to 2 × 10 7 staphylococci), or Hla + HKSA. * * p < 0.01, * * * p < 0.001, Student's t test. 
Macrophages
** ** *** these toxin-induced signaling events in neutrophils and macrophages were observed upon treatment of the cells with 25 μg/ml LPS-free Hla, a concentration that causes minimal cellular injury as measured by LDH release (online suppl. fig. 5 ).
Toxin-Induced Epithelial Injury Is a Primary Contributor to Outcome of Skin and Lung Infection
The finding that myeloid lineage knockout of Adam10 was associated with tissue-specific disease outcomes in which immune cell recruitment and bacterial burden were unchanged suggested that outcome may depend on the balance of inflammatory stimuli in the tissue microenvironment as a whole. Toxin-induced injury to epithelial cells as well as immune cells should occur in a simultaneous fashion within S. aureus -infected tissue, eliciting a host response that is the summation of these distinct events. In this context, one cell type may be the predominant contributor to the disease phenotype. To address this, we generated two lines of double lineage knockout mice, the first of which harbored deletion of Adam10 in the epidermis and the myeloid lineage and the second of which harbored a conditional deletion of Adam10 in the alveolar epithelium and the myeloid lineage. In response to S. aureus skin infection, the epidermal-myeloid lineage knockout mice (LysM/K14 Adam10 -/-) demonstrated small tissue abscesses ( fig. 4 a) and dermonecrotic lesions ( fig. 4 b) , reversing the increased disease susceptibility conferred by myeloid lineage knockout alone (LysM Adam10 -/-) . Given the minimal lesion sizes observed in both control (LysM Adam10 +/+ ) and LysM/K14 Adam10 -/-, we did not observe statistically significant differences in outcome of infection between these groups. Similarly, alveolar epithelial-myeloid lineage doubleknockout mice (LysM/SpcTet Adam10 -/-) showed complete protection against lethal S. aureus pneumonia ( fig. 4 c) , displaying improvement over that observed with myeloid lineage knockout alone when animals from three independent studies were analyzed together ( fig. 4 d) .
Discussion
The recent definition of the cellular receptors for a number of S. aureus immunomodulatory cytotoxins, including Hla [7] , Panton Valentine leukocidin [41] , leukocidin AB/leukocidin GH [42] , leukocidin ED [43] , and the phenol-soluble modulins [44] , provides keen new insight into the cell type specificity of toxin action. While each of these toxins can target distinct immune cells to facilitate disease, we currently have a limited understanding of the action of any single toxin on a specific immune cell population in disease pathogenesis. Further, it remains unclear if the effects of a single toxin on an immune cell population vary based on the host tissue. Through myeloid-lineage knockout of Adam10 , these studies illustrate that the effects of Hla on neutrophils and monocytes are relevant to the pathogenesis of infection, an observation suggested by prior studies, now investigated through a host genetic strategy targeting the toxin receptor. We also provide evidence that the consequence of immune cell intoxication by Hla varies dependent on the nature of the host tissue -while pro-inflammatory signaling marked by increased IL-1β is beneficial to the host during S. aureus skin infection, this same signal is deleterious in the lung. Interestingly, these data demonstrate that tissue-specific disease outcomes observed in Adam10 -/-mice were not the result of altered immune cell recruitment, but rather were linked to a neutrophil and macrophage cell-intrinsic defect in the production of IL-1β in response to Hla.
While decreased cellular production of IL-1β in Adam10 -/-mice correlates with exacerbation of skin infection and improved clinical outcome in pneumonia, the precise molecular mechanisms by which this inflammatory cytokine shapes the host response during staphylococcal infection remain unclear [21] . Considerable investigation of the role of IL-1β and the pro-inflammatory state has been conducted in murine models of S. aureus skin infection and pneumonia. Mice deficient in IL-1β and IL-1R1 exhibit a profound defect in S. aureus clearance in the skin [21, 39, 40] , accumulating increased numbers of bacteria at the infection site owing to a nearcomplete absence of recruited neutrophils. By comparison, knockouts of the upstream pathogen-sensing machinery including TLR2 and NOD2 produce dampened IL-1β responses to S. aureus skin infection, suggesting a level of redundancy of pathogen-induced signaling that leads to IL-1β secretion [22, 39] . The level of IL-1β produced in these knockout mice facilitates normal neutrophil recruitment, however is insufficient to drive normal, robust host defense. Both Tlr2 -/-and Nod2 -/-mice exhibit an increased S. aureus load in the tissues 7 days after infection, consistent with the phenotype we observe in myeloid lineage Adam10 -/-animals. Initial neutrophil recruitment to the site of infection promotes neutrophildependent production of IL-1β, further enhancing the protective host response to infection [21] . Together, these data suggest that toxin-induced immunostimulation establishes a pro-inflammatory skin environment that ben-efits the host, limiting the consequences of S. aureus infection. In contrast to these findings, a recent study examining athymic nude mice noted decreased staphylococcal skin lesion size in these mice [45] . The authors concluded that local inflammation promotes increased severity of S. aureus skin infection, a finding that will require further mechanistic investigation in light of the more substantial alterations in immunologic function in nude mice.
Abtin et al. [46] recently reported on a murine model of subcutaneous S. aureus infection in the ear, observing that Hla interferes with normal neutrophil recruitment to sites of infection. Inoculation of an Hla-deficient S. aureus mutant led to increased neutrophilic infiltrates at the site of infection, which correlated with maintenance of a perivascular macrophage population that appears to promote neutrophil trafficking to the site. Parallel ex vivo studies of distinct macrophages harvested from the blood or peritoneal space suggested that Hla directly targets and kills macrophages, providing a potential mechanism for loss of the perivascular macrophage population in response to wild-type S. aureus infection. While these findings are distinct from our observations in which loss of myeloid lineage sensitivity to Hla exacerbates infection, it must be recognized that Hla is a key virulence factor that which results from 25-38 mice per group were pooled to assess for significant differences in mortality between LysM Adam10 -/-and LysM/SpcTet Adam10 -/-mice. Statistical significance in these experiments was calculated by pairwise comparisons using the Gehan-Breslow-Wilcoxon test. * p < 0.05, * * p < 0.01, * * * p < 0.001.
interacts with a wide variety of host cell types in the course of infection, including innate immune cells, epithelial cells, and endothelial cells. Infection with toxin-deficient staphylococci is therefore expected to provide a phenotypic readout of the aggregate effects of Hla in the entire tissue, perhaps the most significant of which in the context of skin infection is the dominant effect of the toxin in the induction of severe epithelial injury ( fig. 4 a, b) [47] . Host cell lineage-specific perturbations, such as the one we report here, therefore afford a precisely targeted and robust genetic approach to examine cell type-specific mechanisms of toxin action. Together, this intriguing series of observations will undoubtedly help to guide further investigation of the virulence properties of Hla in the context of the local tissue microenvironment.
In the lung, germline NLRP3 knockout mitigates the pathologic findings observed in S. aureus pneumonia and in response to purified Hla, consistent with a role for inflammasome signaling in immunopathogenesis [24] . In this setting, neutrophil recruitment and the generation of IL-1β are decreased. In contrast, myeloid lineage Adam10 -/-knockout mice display normal immune cell recruitment to the lung, implicating the direct effect of the toxin on recruited cells in the observed alterations of disease outcome. An IL-1β response to both infectious and noninfectious lung insults is associated with pathologic injury to the lung, related to the induction of pyroptotic cell death of recruited immune cells and the potent inflammatory response that causes bystander injury to the lung parenchyma [48, 49] . Consistent with these observations, passive immunization with Hla-neutralizing polyclonal antisera dampens the host IL-1β response to S. aureus pneumonia and mitigates pathology [11] , providing further evidence that toxin-generated signaling in host immune cells promotes the production of IL-1β, thereby contributing to acute lung injury.
Our studies highlight a number of areas for further investigation, namely understanding the differential contribution of the neutrophil and macrophage populations in patterning tissue-specific, toxin-mediated responses to infection. While IL-1β is well recognized as a marker of the proinflammatory state that affords protection against S. aureus skin infection and contributes to lung injury, the precise molecular mechanisms that drive disease outcome are not well defined. Specifically, further investigation on the effector functions of neutrophils and macrophages in the presence of the toxin are anticipated to provide additional insights on how the toxin impacts disease progression in a tissue-specific manner. Genetic perturbation of Adam10 affords a novel opportunity to examine innate immune cell signaling pathways in vivo and define both the effector pathways that underlie the host response and graded host responses as a function of localized toxin concentration on a diverse array of toxin-sensitive cells.
Multiple studies in addition to our findings have now illustrated a lack of direct, temporal correlation between S. aureus recovery from the infected tissue and measurements of disease severity [8, 9, 22, 45, 50] , suggesting that the clinical manifestations of disease represent the aggregate balance of bacterial insults to resident and recruited cells and the host inflammatory response [51] . This response can be well directed to facilitate pathogen clearance in the given tissue, or overly aggressive, leading to exacerbated injury. Our studies on Hla illustrate that bacterial virulence factors can play an important role in the tissue microenvironment to establish this balance, both causing injury and facilitating immunostimulation. These findings illustrate the need to further investigate how multiple virulence factors interface within the tissue context and shape the host response, recognizing that a clear 'circuitry map' of these interactions would enable the design of novel preventative and therapeutic strategies that simultaneously dampen injurious responses while promoting beneficial responses.
